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ABSTRACT 
REMOVING RADIUM-226 CONTAMINATION 
FROM ION EXCHANGE RESINS 
USED IN DRINKING WATER TREATMENT 
By 
James F. McMahon, III 
University of New Hampshire, September, 2008 
Many groundwater sources used for drinking water in the United States contain 
naturally occurring gross alpha emitting radium-226 that exceeds the National Drinking 
Water Standards maximum contaminant level. The health risks associated with 
continuous and intermittent exposure to these low levels of naturally occurring 
radioactive material (NORM) over long periods of time can cause genetic damage which 
may lead to effects such as cancer. 
The EPA identifies ion exchange resins as a best available technology (BAT) in 
radium-226 removals. This determination has resulted in an increased need for 
knowledge about the characteristics of these resins. The ability of the resins to remove 
radium-226, their the life expectancy, and, in particular, the point at which resins can no 
longer be conventionally disposed of need to be determined to minimize the potential for 
inadvertent environmental and/or health risks. 
The purpose of this study was to investigate the effectiveness of the brine 
cleaning solutions used to remove naturally occurring radium-226 from cation exchange 
resins used in drinking water treatment. Using the information found from this study, 
water treatment operators may adjust their cleaning practices to minimize hazardous 
buildup of naturally occurring radioactive material on these resins and increase the life 
expectancy. 
Two cation resins used to treat groundwater at a site in Pelham, New Hampshire 
that was identified by New Hampshire Department of Environmental Services (NHDES) 
to contain trace levels of radium-226 was evaluated. The resins were cleaned in a series 
of batch studies using various brine cleaning solutions. The optimal cleaning solution was 
then used to clean aged resin from two ion exchange treatment systems in current field-
scale use. 
The cleaning solution with the highest radium-226 activity removals from resins 
found in this study include high salt concentrations, low pH, and high resin to brine 
contact time. Higher salt mass loadings show a significant impact on radium-226 and 
hardness recoveries, but showed diminishing contaminant removals after 85%. This 
indicates there may be irreversible fouling occurring with resins that have been in service 
for lengthy periods of time and may impact the overall effectiveness of the resin to 





In the United States there are many public groundwater wells that contain naturally 
occurring gross alpha emitting radium-226 isotopes that exceed the National Drinking 
Water Standards maximum contaminant level (MCL). The Radionuclides Rule, enacted 
in December of 2000 by the United States Environmental Protection Agency (USEPA), 
regulates gross radium (radium-226 and radium-228) that occurs naturally in drinking 
water supply sources to a maximum contaminant level of 5.0 pCi/L. The health risks 
associated with continuous and intermittent exposure to these low levels of naturally 
occurring radioactive material (NORM) over long periods of time can cause genetic 
damage which may lead to effects such as cancer. With the recent implementation of this 
rule, it is important to treat drinking water sources with radionuclides to minimize the 
prolonged effect of radionuclides to the public using approved water treatment 
technologies. The USEPA encourages the use of ion exchange as a best management 
practice for treatment of radionuclides. However, in order to ensure the treatment process 
is working efficiently, an increased public awareness of the added benefits of properly 
cleaning the ion exchange filter media will reduce the amount of radioactive 
accumulation, or irreversible fouling, and increase the overall life expectancy of the resin. 
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1.2 Ion Exchange 
The ion exchange process includes substituting the contaminant ion found in solution for 
an ion with a lower affinity or tendency to attract to the charged media surface. The 
efficiency of the resin to remove the target ion is influenced by the number of available 
exchange sites or capacity of the resin. Periodically, when available exchange sites are 
limited, the resin media is cleaned using a cleaning solution. This process is called resin 
regeneration. 
Ion exchange resins are designed to remove target ions in aqueous phase. They are 
proven effective in removing a variety of contaminants depending on target ion affinity, 
concentration of target ion in feed water and resin capacity (Subramonian et al, 1990). 
Typical ion exchange units used in drinking water treat for high total dissolved solids 
such as nitrate and arsenic or hardness constituents such as calcium, magnesium, iron, 
and manganese. 
Although the ion exchange concepts are dated, recent technological advances has made 
mass producing synthetic resins much easier, has broadened the applications of ion 
exchange resin for use in manufacturing processes, and has introduced smaller ion 
exchange units to mainstream water treatment design point-of-use (POU) or point-of-
entry (POE) applications. Automated ion exchange units require minimal operator 
attention during normal operations and are easier for homeowners to maintain. However, 
some drawbacks of using ion exchange technology are the high sensitivity of the ion 
exchange process when competing ions reduce the selectivity, or ability of the of the 
resin to remove target contaminants, and the high disposal cost from waste by products 
with high radioactivity. Waste byproducts include cleaning brine, backwash, rinse water, 
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and spent resin media. The separation and buildup of the radioactive wastes is a concern 
when considering ion exchange as a treatment option. 
1.3 Problem Statement and Research Objectives 
The EPA identifies ion exchange resins as a best available technology for radium-226 
removals. This has resulted in an increased need for knowledge about the characteristics 
of these resins used for treatment of radionuclides and the most effective cleaning 
conditions. The adsorption of the highly selective radium-226 ion must be evaluated 
during normal treatment conditions and the ability of the cleaning solution to remove the 
radium-226 ion from the resin surface are both important in determining the life 
expectancy of the resin. The level of radioactivity from radium-226 accumulation and 
possible irreversible fouling of the resin often limits disposal options. Proper cleaning 
conditions must be determined to limit the amount of radium-226 accumulation and to 
minimize the potential for inadvertent environmental and/or health risks. 
The specific objectives of this project include: 
1. Determine the extent of radium-226 activity accumulation and possible 
irreversible fouling on cation exchange resins during normal treatment conditions; 
2. Assess the amount of radium-226 desorbed or removed from the resin media 
during cleaning conditions by use of various regenerant solutions and contact 
times; and 
3. Determine the effect exposure time, or contact time between the radium-226 ion 
and the resin surface, has on radium-226 removal process during cleaning. 
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In order to meet these objectives, several experiments were conducted using ion 
exchange resins designed to remove radium-226. The research involved monitoring the 
ability of the resins to remove radium-226 from groundwater and optimizing the brine 
cleaning solution. Irreversible fouling from radium-226 buildup may limit treatment over 
periodical cleaning cycles. This fouling may be caused by the amount of time the radium-
226 ion is in contact with the resin, the cleaning solution used and conditions of the 
treatment unit during cleaning. 
Two sampling sites in southern New Hampshire were selected based on level of radium-
226 naturally occurring in the groundwater. Both sites use cation exchange resins to 
remove naturally occurring radium-226 in the groundwater to below drinking water 
standards. The UNH project team worked in conjunction with the New Hampshire 
Department of Environmental Services (NHDES) and local water treatment professionals 




2.1 Basic Radium-226 Overview 
A brief explanation and background on radionuclide chemistry is necessary in order to 
better understand ion exchange resins role in removing a radioactive contaminant radium-
226. All matter consists of basic substances called elements. Each element has a specific 
set of chemical characteristics that make it unique. The smallest unit of an element 
capable of taking part in a chemical reaction is called an atom. An atom consists of 
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Figure 2-1. Basic Atomic Notations 
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The atomic number, Z, of an atom is equal to the number of protons. Neutrons have a 
neutral charge, have approximately the same unit mass as proton, and are also located in 
the nucleus. The combined number of protons, Z, and neutrons, N, is called the atomic 
mass number (or nucleon number), A. Electrons have a negative charge and are located in 
the outer shell (or orbital) surrounding the nucleus. Shorthand notations list the chemical 
symbol as well as the Z and A as shown in Figure 2-1. The number of protons in the 
helium ion is Z = 2 and the atomic mass number for helium is A = 4. The number of 
neutrons in the helium nucleus isN = A - Z = 2. 
Nuclei that contain a constant number of protons in the nucleus, but vary in number of 
neutrons are known as isotopes. In the experiments presented in this project, the 
contaminant ion of interest was the radium-226 ion. It is one of three naturally occurring 
radium isotopes listed in Figure 2-2. Notice the constant number of protons (Z = 88) and 
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Figure 2-2. Common Radium Isotopes 
The periodic table organizes each element based on average atomic masses and takes into 
account the abundance of various isotopes. Isotopes, often called nuclides, may be 
unstable and spontaneous disintegrate as a function of the mass defect and the binding 
energy of the nucleus. Albert Einstein's theory of special relativity suggested mass and 
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energy are equivalent. When the change in mass over a system is equivalent to the change 
in energy, the difference in the mass defect (sum of the individual masses of the separated 
protons and neutrons greater than the mass of the stable nucleus) is equivalent to the 
binding energy of a nucleus. Put plainly, as the number of nucleons (total number of 
protons and neutrons) increases above the number of nucleons in a stable nucleus, the 
binding energy per nucleon decreases (Cutnell & Johnson, 1998). 
Unstable nuclides with low binding energy per nucleon are more capable of spontaneous 
radioactive decay and are commonly called radionuclides. There are about 2,000 known 
radionuclides. They are categorized by type of radioactive decay, the radioactive decay 
series, and whether they are natural or manmade. The chart of nuclides as shown in 
Figure 2-3 shows the type of decay and series of decay for each nuclide. 
Figure 2-3. Chart of Nuclides 
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As stated previously, radioactivity is the reduction of the atomic nuclei by emission of 
subatomic particles due to low binding energy per nucleon. The type of decay is 
dependent on the type of emission. This emission, chemical change, or decay can be 
broken down into three types of radiation: alpha, beta, and gamma. Alpha radiation is the 
release of a particle containing two protons plus two neutrons (helium nucleus). Beta 
radiation releases a high energy negatively charged particle. Beta particles are much 
smaller in mass than alpha particles. This allows them to move faster and penetrate 
farther, but they create less damage. This beta particle release is caused when the neutron 
turns into a proton in the nucleus. Gamma radiation is a form of electromagnetic radiation 
similar to x-rays. However, despite its penetration power and range shown in Table 2-1, 
gamma radiation has limited effect at low levels. 
Table 2-1. Types and Ranges of Nuclear Radiation (USEPA, 1983) 
Radiation Type Emmitted Particles Process Range 
Alpha Particle Two protons & two neutrons (helium ion) Alpha decay 5 cm 
Beta Particle Nuclear electron Beta decay 10 m 
Gamma Ray High-energy electromagnetic radiation Gamma decay 200 m 
Many radionuclides are mixed emitters, but each has a primary mode of disintegration 
(Focazio et al., 1998). Not all nuclides are capable of spontaneous radioactive decay, but 
it is through these forms of radioactive decay that the chart of nuclides is derived as 
shown in Figure 2-3. 
Typical units like milligrams per liter (mg/L), micrograms per liter (ug/L), and parts per 
million (ppm) are used to describe concentrations of contaminants in aqueous phase. For 
radionuclides, the amount of radioactive particles (radiation), or activity, is measured. 
The number of alpha, beta, and gamma particles are measured instead of the mass of the 
radionuclide. The buildup of these particles depends on the half-life of the radionuclide. 
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The half-life of the radionuclide is defined as the time it takes for 50 percent of the parent 
isotope to decay into the daughter product. This length of time can be used to calculate 
the level of radioactivity given a length of time. 
For radionuclides with lengthy half-lifes, accumulation in water treatment plants and 
distribution systems is important to consider when looking at exposure for treatment 
personnel and the public. 
In the International System (SI) of units, the becuerel (Bq) is one disintegration per 
second and is named after Henri Bacuerel for his work in discovering radioactivity. The 
US customary units the unit of radioactivity is the curie (Ci), named after Marie Curie 
and Pierre Curie who discovered polonium and radium. 1 Ci is equal to 3.7 x 10A10 
disintegrations per second (or 37 x 10A9 Bq). In the experiments conducted, the radium-
226 activity was measured in US customary units of curies. 
Exposure to radioactive substances can influence genetic material causing such things as 
cancer. Drinking water containing alpha and beta particles emitters carry the most health 
risk from ingestion and exposure to internal tissue. 
As shown in Table 2-2, exposure is expressed in coulombs per kilogram (C/kg) in SI 
units and in US customary units as roentgens (R). The amount of radiation emitted 
depends on the concentration of particles emitted and is known as absorbent dose. In SI 
units, the absorbed dose is quantified in grays (Gy) and in US customary units as the rad. 
The type of radiation is important when considering the effects of radioactivity on human 
health and, since different radiation effects human tissue differently, the absorbent dose 
must be normalized. This requires a conversion factor. Once the conversion factor 
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normalizes the dose, it is easy to compare the overall effects despite the type of radiation 
(MWH, 2005). 
able 2-2. Radioactivity Terms (USEPA, 1983) 
Term Definition 
Rentgen A unit of energy flux used to describe a rate of exposure to X or 
gamma rays 
rep The amount of energy adsorbed by tissue as a result of radiation 
rad The amount of energy adsorbed by any medium as a result of 
radiation (100 rad = lGy) 
rem The adsorbed dose of radiation in rads time the ratio of biological 
effectiveness of the radiation considered to that for 200 kilovolt 
potential x-rays (relative biological effectiveness [RBE]) (100 rem 
= lSv) 
The regulatory limits for naturally occurring radioactive material are set based on the 
amount of radiation exposure from ingestion. There are also other pathways such as 
inhalation and dermal adsorption that are not included in drinking water regulations, but 
should be considered especially for water treatment operators who periodically handle 
fouled material during maintenance operations. The following table lists the regulator 
agency, public exposure limit, and occupation exposure limit. 












(10 mrem/yr inhalation & 4 
mrem/yr ingestion) 
TEDE of 100 mrem/yr 
Occupational Exposure 




1. Not all states have adopted TENORM standards 
2. Occupational exposure to radiation and radioactive materials is regulated by OSHA and NRC 
3. NRC also maintains secondary inhalation and ingestion guidelines for various radioisotopes 
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When considering radiation exposures listed in Table 2-3, it is important to understand 
the relation between the radionuclide 'parent' into its respective progeny, or 'daughters' 
when dealing with removal and accumulation of radionuclides during treatment. The 
decay products, or progeny of a radionuclide, appear in a decay series that follows a 
simple first-order reaction. The decay rate, or half-life, depends on the radionuclide. For 
instance, the half-life of U-234 is over 4 billion years while Po-214 has a half-life of 164 
milliseconds. Over time the parent and daughters relationship will experience secular 
equilibrium, where the activities of the parent and daughter products are equal. This 
relationship exists as radon-222 is released into the groundwater by radium-226 found in 
the aquifer (AWWA, 2005). 
Radium-226 is a naturally occurring radioactive alkaline earth metal, found in the 
Uranium-238 decay series, and is an alpha and gamma radiation-emitting isotope. It is 
one of 15 radioactive radium isotopes and has a half-life of about 1600 years. The solid 
form of Radium-226 found in the aquifer decays into the alpha-emitting inert gas Radon-
222. As explained earlier, isotopes have varying number of neutrons in their nucleus. 
Radium has 88 protons and varying between 135 to 141 neutrons. Depending on the 
atomic mass (total number of protons and neutrons) will depend on which isotope is 
present. Radium in nature is composed of four isotopes: Radium-223, Radium-224, 
Radium-226, and Radium-228. 
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Figure 2-4. Radium-226 in the Uranium-238 Decay Series 
Radium-226 is especially dangerous due to the high alpha radiation emission. Ingestion 
or inhalation of its daughter product, radon-222, can cause such health risks as 
lymphoma, bone cancer, and leukemia if one was exposed long-term. 
The occurrence of radionuclides found in the groundwater is dependent on the presence 
and solubility of the parent element. However, the presence of a parent radionuclide in 
solution does not necessarily indicate a presence of its decay products. Radium tends to 
be most mobile in oxygen-poor groundwater with high dissolved solids while uranium-
238 tends to be least mobile under these conditions. Since radium behaves similarly to 
other divalent alkaline-earth cations such as calcium, strontium and barium, limited 
adsorption sites within the aquifer could enhance radium solubility (Focazio et al., 1998). 
Gamma radiation is very dangerous and can penetrate the body. External exposure from 
being near a gamma source can cause risk of cancer to all tissues and organs. For 
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instance, there is a high risk of gamma radiation associated with the radioactive decay of 
Rn-222 using granular activated carbon (GAC) and removal of Radium-226 by ion 
exchange (AWWA, 2005). 
It is important to be aware such risks and minimize exposure through proper shielding 
and adequate protective equipment to ensure the safety of the workers within the 
treatment facility. 
2.2 Naturally Occurring Radioactive Material 
Naturally Occurring Radioactive Material (NORM) is found in drinking water sources 
where the groundwater comes in contact with certain rock types that consist of 
radioactive isotopes called radionuclides. The three common decay series producing 
naturally occurring radionuclides are the uranium, thorium, and actinium series and are 
daughter products of uranium-238, thorium-232, and uranium-235 respectively. Each 
series follows a known sequence and terminates on a stable isotope of lead. The actinium 
series is not considered an important source of radionuclides found in drinking water 
from groundwater, and the major focus is on the uranium and thorium decay series 
(Focazioetal, 1998). 
The effect the radionuclide has on the human body is dependent on the activity and type 
of radiation once ingested. The EPA regulates public water supplies to acceptable levels 
to reduce the cancerous effects from ingestion of certain radionuclides. 
The level of NORM or type of radionuclides found in aquifers depends on the type of soil 
or rock found in the aquifer. During the formation of the earth, radioactive elements were 
mixed within the earths crust and continued to break down over time. Fluctuations in 
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hydrogeologic conditions from within the subsurface provide a transport system for the 
nuclides and directly influence the amount of radioactive release into the aquifer. When 
these elements release energy during radioactive decay, the abrupt particle ejection from 
the nucleus causes the radionuclide attached to the soil or rock surface to be recoiled 
directly into the pore spaces of the aquifer. From the aquifer, the ions are pumped to the 
treatment facility through a groundwater well. 
In South Carolina, where there is geologic diversity ranging from the Appalachian 
mountains, to broad piedmont and to a wide and varied costal plain with thick sediments 
NORM has been found in a variety of aquifers. Radium concentrations above the MCL 
were commonly found in the wide parts of the inner costal plain where water is acidic 
and has low dissolved solids, but in some areas the problem was clustered and in others it 
was scattered (Baize et al., 2005). 
In areas near the Savanah River, high radium levels were more likely as the pH value of 
the groundwater dropped below 6 and the electrical conductivity was below 40 uS/cm. 
This suggests a link between high radium activities may be the low ion strength and pH 
of the ground water and it's interaction with the mineralogy of the aquifer (Denham et al., 
2005). 
2.3 Human Made Radioactive Material 
Treatment processes for NORM often produce and require disposal of highly 
concentrated streams of radioactive waste. The high concentration of radioactive isotopes 
on resins and in spent regeneration brines is a concern when considering disposal. 
Although accumulated radioactive material on resins or in brines is naturally occurring, 
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the EPA classifies all waste byproducts as Technologically Enhanced Naturally 
Occurring Radioactive Material (TENORM). 
Other anthropogenic sources where radionuclide wastes can be produced include: 
1. Manufacturing, testing and use of weapons containing radioactive materials 
2. Radiological aspects of pharmaceutical and medical applications 
3. Processing, use, disposal, and accidents from nuclear fuels 
These by products are often of a higher activity than the trace levels found in 
groundwater and are easier to regulate. However, high levels of radioactive activity can 
build up over time and it is important when considering disposal options. 
2.4 Radionuclide Drinking Water Regulations 
Groundwater wells that contain NORM are regulated by the EPA's National Drinking 
Water Standards. For the experiments presented in this document, the focus is on the 
gross alpha emitting radium-226. The Radionuclides Rule (40 CFR Parts 9,141, and 142) 
regulates combined radium-226 and radium-228 in drinking water supply sources to a 
maximum contaminant level (MCL) of 5.0 pCi/L. These standards are set to reduce the 
health risks associated with continuous or intermittent exposure to these trace levels of 
NORM. Table 2-4 lists radionuclide contaminant levels covered under The 
Radionuclides Rule in 2000. 
Table 2-4. Regulated Radionuclides (USEPA Radionuclide Rule, 2 
Resulated Contaminant 
Beta/photon emitters 
Gross alpha particle 














Alpha and beta emitters with a half life greater than one hour that aren't specifically 
listed under the Radionuclides Rule are covered under gross alpha and gross beta 
emitters. All alpha and beta emitters with a half life under one hour aren't listed due to 
the rapid degradation rate and travel time between the treatment system and consumers. 
The commonly known prodigy of radium-226 is Radon. According to the EPA radon is 
the second leading cause of lung cancer in the United States and is proposing regulations 
for drinking water and indoor air quality. It is not regulated under The Radionuclides 
Rule. 
2.5 Removal of Radium-226 in Water Treatment 
Depending on the level of radioactive contaminants and other competing ions, there are 
various approaches or techniques used to treat radionuclides. Besides ion exchange, other 
technologies include lime-soda ash softening, reverse osmosis, and manganese greensand 
filters impregnated with potassium permanganate. The efficiency of each method in 
removing radium-226 is summarized in Table 2-5. 















Although treatment with ion exchange is the least desirable because of the complexity of 
operation, costs, and radioactive waste disposal, it does have the potential for high 
removals. Depending on the source water, it is common to use more than one type of ion 
exchange resin to treat raw water. In some instances, instead of installing the appropriate 
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treatment technology, it is more economical to reduce radionuclide levels by blending, 
mixing of various sources, modifying the existing well constructions, or finding an 
alternative water source. Treatment costs, operational complexities, and low level 
radioactive waste disposal make installation of treatment technology the least preferred 
alternative (Cothern & Rebers, 1990). 
2.6 Ion Exchange Principles 
Ion exchange resins are primarily used last for polishing in drinking water treatment. 
Depending on the contaminant to be removed will depend on the type of resin used. 
Resins are divided into two categories: cation and anion. 
Cation exchange resins consist of positively charged ions to be selectively replaced by 
other positive ions found in raw water. Typical uses of cation exchange resins are for 
water softening and, in the case of this experiment, to remove the radionuclide radium-
226. Anion exchange resins consist of negatively charged ions that are easily replaced by 
contaminants negatively charged ions and are not used for treatment of radium-226. In 
both types, the ease of adsorption to the resin is dependent on the selectivity of the ion. 
The chemical properties that determine the selectivity are the valence and the atomic 
number of the ion. Physical properties that influence selectivity are the pore size 
distribution and type of functional groups on the cross-linked polymer chain. 
For cation exchange resins, radium is more likely to adsorbed to the resin bead than 
calcium or magnesium because radium has a higher selectivity. Similar for anion 
exchange resins, uranium is more likely to adsorb than hydroxide or chloride ion. It is for 
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this purpose hardness levels in treated water should be monitored to determine when the 
resin is no longer removing the cations that are less selective than the target ion. 
Often there is more than one ion competing for the exchange site and will reduce the 
capacity of the resin for the targeted ion. It is important to account for this competition 
when designing ion exchange treatment systems. 
Most synthetic ion exchange resins availible are manufactured by a suspension 
polymerization process, which consists of styrene and divinylbenze (DVB). Liquid 
styrene and DVB are poured into a chemical reactor with an equivalent amount of water. 
A surfactant is added to keep the ingredients dispersed. As the mixture is agitated, 
globules form and eventually break into smaller droplets approximately a millimeter in 
size. Benzoyl peroxide is added to complete the polymerization process. The DVB 
provides the physical strength for the beads through its cross-linking structure; otherwise 
the styrene would be water-soluble. 
For cation exchange resins used in the experiments, the polystyrene-DVB bead is 
chemically activated treating with a concentrated sulfuric acid. This process is called 
sulfonation. This provides a permanent, negatively charged sulfonic-acid groups 
throughout the bead. This is the exchange site that will be used during treatment of 
drinking water. More than 99% of the capacity of the ion exchange material is found in 
the interior of the bead (Desilva, 1999). 
There are also two types of physical structure of the resin bead. Gel resins are the most 
common because of the high operating efficiencies, due to the capacity, and lengthy 
operating life. Macroporous resins have a lower capacity, due to less exchange sites, but 
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have a stronger physical structure to protect against breakage that may occur during 
osmotic stress. 
The selectivity or affinity of the resins is based on the selectivity of the resins is based on 
the properties of the ion exchange bead, the ions exchanged, and the solution which the 
ions are present (Desilva, 1999). Percent moisture of the resin is important and limited 
due to the level of cross linking of the bead. Beads with high percent moisture have 
higher porosities and can have an impact on selectivity. 
Ion exchange reins generally have greater selectivities for ions with increasing valence or 
charge. Among ions with the same charge, higher affinities are seen for ions with higher 
atomic number (Desilva, 1999). In order to determine the selectivity of the resin, the 
selectivity coefficient for the equilibrium equation must be derived. This is based on the 
valence, type of resin and its saturation, and the nature and concentration of the 
contaminant ion in the raw water. The theoretical selectivity coefficient for exchange of 
radium-226 ion for sodium ion is 13.0 and can be used to determine the theoretical 
treatment possible using the ion exchange equilibrium expression and assessing ion 
exchange preference (MWH, 2005). See Figure 2-5 and 2-6 for the stoichiometric 
equation for radium-226 treatment. The equation suggests that at equilibrium brine 
cleaning solutions with higher salt concentrations will exchange with more radium ions, 
and increase radium removals. 
The affinity relationships are reversed in highly concentrated solutions. This is the 
primary method for resin regeneration, which increases the life of the resin. The driving 
force of a highly concentrated monovalent sodium solution used to clean resins used in 
water softening applications which replaces calcium and manganese divalent ions. 
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Figure 2-5. Resin Exhaustion by Radium Ion 
Figure 2-5 shows the ion interaction within the resin bead and the stoichiometric equation 
between the radium-226 ion in untreated water and the sodium attached to the cross-
linked polymers of the resin bead. For every radium-226 ion removed from the untreated 
water, there are two sodium ions released into the treated water. 
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2.7 Brine Cleaning Solutions 
The ability of the resin to be regenerated extends the lifespan of the resin. Regeneration 
occurs when a brine solution is passed throughout the fouled resin for an extended period 
of time. During this process, a high concentration of monovalent ions in the brine 
replaces the divalent ions that were adsorbed during the treatment of raw water. Often not 
all of adsorbed ions from treatment are removed. The remainder of resin is considered to 
be irreversibly fouled. After many regeneration cycles the amount of irreversibly fouled 
resin increases to an extent that the resin must be replaced in order to meet treatment 
goals. 
Figure 2-6. Resin Regeneration by Sodium Ion 
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Figure 2-6 shows the ion interaction within the resin bead during regeneration and the 
stochiometric equation between the sodium ion in the cleaning solution and the radium-
226 ion being released from the resin. 
Economics play an important role due to the lengthy downtime required during resin 
regeneration. Often two units are required to maintain consistent treatment. It is 
preferable to keep the regeneration cycles as far apart as possible and minimize the 
amount of salt required to clean the resins. However, the cycles must be minimized to 
keep the resin clean and the treated water below standard MCL's. 
2.8 Disposal Options 
Since trace amounts of radioactive substances are concentrated during treatment, disposal 
of residuals are a concern. This can be problematic due to lack of experience in how to 
handle the residuals. The creation of daughter product radionuclides with different toxic 
and radioactive characteristics, worker safety and radiation exposure concerns, and 
uncertainty of which disposal regulations or guidelines are applicable make disposal of 
radioactive wastes difficult (AWWA, 2005). 
The relationship between the parent radionuclide removed and its progeny must be 
considered when handling and disposing of ion exchange resins. For some radionuclides, 
such as radium-226, their half-life is extremely long. Containment and/or stabilization of 
residuals containing radionuclides with a lengthy half-life must be considered for the 
safety of the public. However, in the case of radium-226, it is important to consider the 
possibility of radon-222 buildup and high radioactivities within idle treatment beds when 
handling ion exchange resins. 
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In some cases, the selection to use a radionuclide treatment technology will depend on 
the costs associated with waste disposal. The activity of the waste depends on the 
removal efficiency, cleaning influent concentration, removal efficiency, and operations of 
the treatment system. 
For ion exchange, there are two possible phases of radioactive waste: liquid and solid 
residuals. Liquid residuals include the brine cleaning solution after regeneration and 
backwash water. Solid wastes are primarily fouled ion exchange resin. Table 2-6 shows 
measured levels of radium-226 in the residuals and computed activities using the 
Spreadsheet Program to Ascertain Residuals Radionuclide Concentrations (SPARRC) 
Version 1.0 developed by the USEPA. 
Table 2-6. 













The amount of radioactive waste residuals from ion exchange treatment systems depends 
on the size and frequency of cleaning. The larger the unit, the more wastes need to be 
disposed of. However, large units may not require as frequent cleaning due to the larger 























Figure 2-7. Ion Exchange Treatment Residual Disposal Options 
As shown in Figure 2-7, the size of the treatment unit will directly impact where the 
residual waste stream will be directed. Most large public water supplies located within 
the wastewater collection system discharge their liquid residuals into the sanitary sewer 
system. If the site restricts discharge into existing sewer infrastructure, often a holding 
tank will be installed, pumped periodically, and transported to the wastewater treatment 
plant. 
For small homeowner ion exchange units, liquid residuals are typically discharged with 
the sanitary sewage to the on-site leach field. Prior to this, waste streams were discharged 
to natural waterways and reduced by dilution by runoff. Concerns of radioactive buildup 
within the leach field prompted a study in 2006 by Tom Ballestero at the University of 
New Hampshire in conjunction with Vermont Department of Environmental 
Conservation. The study indicates that the adsorptive capacity of the soil media to 
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remove radionuclides within the leach field is high and the time required to exhaust the 
soil media within the leach field exceeds the design life of the system. 
The ion exchange resin within the treatment unit is replaced when the design life is 
reached and disposed of at the appropriate regulated landfill. This is due to the high 
radioactivity that accumulates on the resin. Table 2-7 lists radium residual disposal 
options for landfills and hazardous waste disposal. 




(Radium < 3 pCi/g) 
Landfill with minimum of 
10 feet of non-radioactive 
cover (3-50 pCi/g) 
Evaluate case-by-case 
(Radium at 50-2,000 
pCi/g) 
Hazardous Waste Disposal 
Disposal at Low Level 
Radioactive Waste (LLRW) 
facility (Radium > 2,000 
pCi/g) 
•226 Activity (USEPA, 2002) 
Land Application 
Do not recommend 
application, mixing, or 
other spreading of water 
treatment wastes 
containing radionuclides at 
any concentration onto 
open land (eg., farmland, 
pastureland, woodlands, 
construction sites, 
roadbeds, etc.). Related 
risks associated include 
inhalation, insufficient data 
on effects to plants, 
animals, and humans, and 
long-term site 
control/runoff issues 
All radium activities per gram dry weight. 
The NRC and EPA regulate liquid residuals containing radium-226 activity that are 
discharged to the sewer to less than 600 pCi/L (AWWA, 2005). It is important to 
consider the costs associated with disposal of highly radioactive waste streams when 




3.1 Experimental Approach 
The experiments conducted during this project were preformed to confirm and expand on 
the cleaning procedures found in the literature. Previous work determining the 
effectiveness of strong acid cation exchange resins to remove radium-226 has shown 
removals as high as 99% for groundwater sources with radium-226 activities of 20 pCi/L 
(Chambers, 1978). In these studies, the accumulation of radium-226 on the resin was 
observed, but there were no effect on removals due to this accumulation. These studies 
combined with pervious work (Bennett, 1978) affirm the effectiveness of strong acid 
cation exchange resins to remove radium-226 concurrently with hardness from 
groundwater. 
Radium-226 has a relatively long half-life and provided a flexible timetable between time 
of experiment and time of sample analysis. Other radionuclides are short lived and would 
have made sample transport and analysis more difficult. 
The analytical approach taken in this study involved four studies each to accomplish 
specific tasks and to progressively approach the most efficient regeneration procedures 
for cation exchange resin regeneration and subsequent removal of radium-226. Resin 
exhaustion column studies (I) were performed to ensure that the cation adsorptive sites on 
the resin used in the batch studies were exhausted to a high level to show a significant 
removal during the batch studies. The batch resin regeneration studies (II) were then 
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conducted to replicate the regeneration process to determine the most influential 
regeneration factors including brine strength, pH, and brine contact time. The column 
regeneration study (III) was conducted using the best configuration of factors found in 
the batch regeneration studies (II) and the mass loading of salt in the brine solution was 
evaluated. The field verification study (IV) involved comparing resin regenerated on-site 
and resin regenerated in the UNH laboratory using the most influential regeneration 
factor settings found in the previous regeneration studies (II &III). 
3.2 Resin Characteristics 
Two resins were chosen based on ability to treat radium-226, availability and similarity to 
the type of resin used at the treatment sites. Resins were obtained from Resintech and 
Rohm & Haas, and their properties and manufacturer's suggested operating conditions 
are summarized in Table 3-1. 
Table 3-1. Resin Properties and Manufacturer's Suggested Operating Conditions 
Parameter 
Service Flow Rate 
Resin Capacity 
Regenerate Concentration 
Regenerate Flow Rate 
Resintech CG8 
2 to 10 gpm/cf 
1.9 meq/ml min. 
10tol5%NaCl 
0.5 to 1.5 gpm/cf 
Rohm and Haas Aberlite SF120Na 
0.5 to 5.0 gpm/cf 
1.9 meq/ml min. 
10tol5%NaCl 
0.3 to 1.0 gpm/cf initially, then 1.5 gpm/cf 
In order to compare contaminant accumulations, the average amount of moisture needed 
to be determined in order provide a base for comparison between the resin samples. The 
gram dry weight (gdw) of the resin was measured and the percent moisture calculated 
using the procedure found in Method 2540B, Total Solids Dried at 103-105°C, of 
Standard Methods, 2001. The gdw is the weight of the resin dried in an oven for a 
specified amount of time. It was important to cover each sample in the oven and to start 
at low heat, as to prevent resin from drying too quickly. If the resin dries too quickly, the 
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rapid expansion for water to steam splatters or pops the resin sample out of the crucible 
and the is sample unusable. The amount of moisture in the resin directly from the 
manufacturer was also determined to compare resin amounts before and after exhaustion. 
3.3 Column Exhaustion Studies (I) 
This study was completed to confirm a high Radium-226 activity on the cation exchange 
resins. This high level was necessary in order to replicate maximum regeneration 
conditions and to provide a significant amount of Radium-226 removal during resin 
regeneration in the samples for analysis. 
Due to the lengthy time required to monitor and sample it was important to find a local 
raw water site. Working with the New Hampshire Department of Environmental Services 
(NHDES) and local water treatment providers, a raw water site in Pelham, NH was 
identified (EPA ID# 1852080). Two columns with 408 grams of resin were set up on site 
to treat raw water and discharged to a drain within the treatment building, as shown in 
Figure 3.1. A peristaltic pump maintained flow at 2.5 gallons per hour from a connection 
prior to the existing ion exchange treatment system. The treated water from the column 
setup was discharged to a floor drain that discharged to behind the building. Studies into 
the fate and transport of the waste streams from the cleaning of ion exchange resins on 
site confirmed high radioactive levels and presence of radionuclide residuals at the outlet 
of the treatment building (Ballestero, 2007). 
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Figure 3.1. Column Exhaustion Study (I) Diagram 
Raw and treated water samples were taken at the influent and effluent of the column and 
analyzed for Radium-226 and metals from December 2005 to January 2006 during resin 
exhaustion. The average turnaround from the commercial company for Radium-226 
sample analysis was 30 days. Previous work confirms the effectiveness of ion exchange 
to remove radium-226 concurrently with hardness (Chambers, 1978). In order to provide 
a quick, easy, relatively inexpensive method of identifying when the resin was near 
exhaustion, the level of hardness in the effluent of the column was monitored. When the 
hardness concentration in the effluent of the column approached and/or matched the 
influent concentration, there was no treatment occurring within the resin bed. When there 
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was limited to no treatment occurring for hardness, due to the lack of available adsorption 
sites, there was limited Radium-226 treatment and the resin was considered exhausted 
ready to be cleaned. 
3.4 Batch Regeneration Studies (II) 
The batch studies were completed to find the most influential factors in the regeneration 
sequence. Resin, brine solution, contact time between resin and regenerate brine, and 
exposure time between resin and radium-226 ion were varied. These factors were chosen 
because they can be easily be controlled by water treatment operators and no system 
improvements or upgrades are necessary on the existing treatment units. The factors can 
be arranged in a series of orthogonal arrays corresponding to a different exposure time. 
The orthogonal array shown Table 3-2 was used for the regeneration batch optimization 
studies. 































30 to 166 
. (Phase I to VI) 
Brine solutions varied in brine pH and brine salt concentration. Salt concentrations were 
set at 5% and 20% and the pH was set at 5.5 and 8.5. The contact time is the amount of 
time the resin is in contact with the brine solution. Removal efficiencies were determined 
using the radium-226 activity of the resin before and after cleaning. The exposure time 
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between the resin and the radium-226 ion is the amount of time during resin exhaustion 
between when treatment starts and resin cleaning begins. The significance of brine pH, 
salt concentration, contact time and exposure time was determined from a statistical 
analysis of the calculated removal efficiencies. 
Brine solutions were mixed using reverse osmosis (RO) water to minimize the amount of 
cations in the brine solution. Two jugs were each filled with 3 liters of RO water and a 
pre-determined amount of salt was added to obtain a 5% and 20% salt concentration. The 
jugs were mixed on a table mixer for 3 hours or until salt solids were no longer visible. 
After mixing, 1.5 liters of solution was poured into a separate jug for pH adjustment. Due 
to the low pH (around 4.5) in the RO water, the pH was raised to 5.5 and 8.5 using a base 
solution. A dilution series of this base was necessary due to the sensitivity of the titration 
process. 
Once the four brine solutions were adjusted to the target pH, approximately 250 
milliliters of brine solution was placed into 16 beakers. Each beaker corresponded to a 
sample listed on the orthogonal array. Resin samples were measured at roughly 11 grams 
wet weight (gww). This is the saturated unfiltered weight from the sample container and 
included the moisture content of the resin in the sample container. Resin was added to the 
beakers and placed on a mixer table in no particular order. The speed was set and mixed 
for 15 minutes as prescribed in the orthogonal array. Half the samples were removed and 
the mixer was restarted for the remaining 45 minutes. 
After the samples were removed from the mixing table, they were filtered using a 3-inch 
0.5 micron filter in a Buchner funnel. The filtered resin was placed into pre-labeled 
sample containers for radium-226 and metals analysis. The brine solution remaining after 
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filtering the resin was placed in a sample container for radium-226 and metals analysis. 
All filter apparatus and lab equipment used during filtering was rinsed thoroughly with 
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Figure 3-2. Batch Regeneration Studies (II) Diagram 
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Resin and brine samples were sent for analysis of radium-226 and metals after each batch 
experiment. Samples were packaged and shipped within 2 days after collection and 
completion of the experiment. 
Each batch experiment was repeated based on the exposure time prescribed by the 
orthogonal array. A total of six batch study phases were completed in order to assess the 
importance of radium-226 to resin exposure time or length of time the radium-226 ion 
was in contact with the resin. 
3.5 Column Regeneration Study (III) 
The purpose of this study was to apply the most efficient regenerant solution determined 
from the regeneration batch optimization studies while studying the effect total bed 
volume of regenerant solution had on cleaning and assess the regeneration process as 
practiced in the field. 
Two columns were set up at the site in Pelham, NH to treat groundwater water containing 
radium-226 using the same setup as described in the resin exhaustion column study. 
Approximately 150 grams of each resin was used in separate columns and raw water was 
treated for a total of 7 days in July of 2006. The flow through the column was increased 
to 5 gallons per hour, unlike the flow rate of 2.5 gallons per hour in the resin exhaustion 
studies, in order to reduce the amount of resin inside to column and obtain similar 
contaminant accumulation as earlier column setups. This corresponds to a higher loading 
rate of radium-226 per bed volume of resin. 
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The columns were taken offline after 7 days of treating water. The columns were emptied 
and the resin was mixed for homogeneity. Eighteen grams wet weight of resin was 
carefully placed into a 30 mL column. Each column had a respective treatment applied. 
The treatment was based on brine cleaning solution configuration and amount of brine 
cleaning solution applied. Table 3-3 shows the experimental conditions for each of the 
columns. 
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The orthogonal array varies the contact time and brine strength. The factors shown in 
Table 3-3 were set using the highest removal settings found in the batch regeneration 
studies (II). The amount of flow to each column was set using the manufacturers 
suggested rates. During the experiment, the brine solutions were mixed and were pumped 
through each column as prescribed by the orthogonal array. The diagram shown in Figure 
3-3 depicts the experiment setup complete with flow paths and sample points. 
After the brine cleaning solution was pumped through the column, the cleaned resin and 
the dirty brine solution were collected in sample containers provided by the analytical 
company and sent for analysis of radium-226 and metals. Samples were packaged and 
shipped within 2 days after collection and completion of the experiment. 
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Figure 3-3. Column Regeneration Study (III) Diagram 
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3.6 Field Verification Regeneration Study (IV) 
The intent of this study was to find resins that were in service for a prolonged period of 
exhaustion and regeneration cycles and apply the most influential factor settings 
regenerate brine solution to evaluate the removal efficiencies under "real-world" 
conditions. Working with local water treatment operators, resin samples were taken from 
water treatment plants in Pelham, NH and Windham, NH where known treatment for 
radionuclides occurred. Resin samples were taken before and after cleaning on-site and 
removals were compared once the resin was cleaned using the brine solution with high 
radium-226 recoveries found from the previous regeneration studies (II & III). Water 
treatment plant operators provided plant operating conditions, resin type and plant 
history. 
A minimum of 200 grams wet weight of resin was sampled from the ion exchange units 
at both sites before and after the regeneration process. Brine samples were taken from the 
influent and effluent of the ion exchange units during regeneration conditions. A 
minimum of 2 grams wet weight of resin were sampled from each 200 gram sample and 
stored in sample containers provided by the analytical company. Samples were packaged 
and shipped within 2 days after collection and completion of the experiment. 
The remaining dirty resin samples from each of the two sites were taken back to the 
radiation laboratory at UNH and cleaned using a similar experimental procedure as the 
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Figure 3-4. Field Verification Regeneration Study (IV) Diagram 
The regeneration factors used in this experiment were set using the similar settings as the 
experiment completed in the Column Regeneration Study (III). The similar settings could 
easily be compare contaminant removals from resin in with varying age and average 
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number of regeneration cycles. Table 3-4 shows the factor settings for the cleaning 
conditions used for each column. 



































After cleaning samples were placed in new sample containers provided by the analytical 
company and shipped for analysis of radium-226 and metals. Samples were packaged and 
shipped within 2 days after collection and completion of the experiment. 
3.7 Analytical Work and Methods Used 
Samples requiring radium-226 analytical work were sent to Hazen Research, Inc. in 
Golden, Colorado. Due to the low levels of radium-226 sample media amounts for 
Radium-226 analysis included a minimum of 2 grams resin, 0.5 liters of brine, 2 liters of 
raw and treated water. 
Aging radium-contaminated groundwater for 21 days has no effect on the presence of 
radium-226 and the result is removing the alpha emitters with short half-lives. Gross 
alpha analysis is not recommend for Radium-226, for there are many forms of alpha 
emitting progeny products that are likely to be present in analyzed samples: radon-222, 
Polonium-218, and Polonium-214 (AWWA, 2005). Instead, two methods were used for 
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Radium-226 analysis. For aqueous samples, "A Rapid Method of Radium-226 Analysis 
in Water Samples Using Alpha Spectroscopic Technique" by T.P. Lim and "The 
Determination of Radium-226 on Uranium Ores and Mill Products by Alpha Energy 
Spectrometry" by J.B. Zimmerman and V.C. Armstrong was used for solid samples. 
Percent moisture of resin samples were weighed wet, dried for 2 hours in an oven set at 
100°C, and weighed dry. 
The Environmental Research Group (ERG) staff completed the analytical work for 
metals on campus using the Inductively Coupled Plasma Argon Emission Spectroscopy 
(ICP-AES) for selected metals. The minimum sample size for metal analysis included a 
minimum of 0.5 grams resin, 14 milliliters of brine solution, and 14 milliliters of raw and 
treated water. SW-846 Method 3015 "Microwave Assisted Acid Digestion of Aqueous 
Samples and Extracts" was used for digestion of aqueous samples and SW-846 Method 
3051 "Microwave Assisted Acid Digestion of Sediments, Sludges, Soils, and Oils" was 
used for digestion of resin samples. The high dissolved salts concentration in the brine 
samples tend to clog the ICP-AES instrument during analysis, so the dilution of samples 
was necessary. Brine concentrations of 5% were diluted 9 parts RO to 1 parts brine, and 
concentrations of 20% were diluted 39 parts RO to 1 part brine. SW-846 Method 6010b 
and 6010c "Inductively Coupled Plasma-Atomic Emission Spectrometry" was used to 
determine the element levels in the aqueous and digested resin samples. All samples 
tested for metals were tested for the elements listed in Table 3-4. 
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3.8 Quality Assurance and Quality Control 
New containers were provided for all the experiments and all equipment was cleaned 
between sample collections to prevent contamination of the sample. Gloves were changed 
frequently to prevent contamination of sample containers and equipment. 
The analytical work by Hazen and the ERG staff followed standard industry practices for 
quality assurance and quality control. 
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3.9 Radiation Worker Safety 
Due to the levels of Technology Enhanced Naturally Occurring Radioactive Material 
(TENORM), all experiments were conducted within a radiation laboratory on campus at 
UNH. Radium-226 an alpha-emitter and its progeny Rn-222, if allowed to accumulate, 
can produce very high levels of radiation. This buildup can be hazardous and precautions 
must be taken. 
The UNH Office of Environmental Health and Safety approved handling procedures and 
personal protective equipment within the radiation laboratory. All personnel working in 
the lab were required to successfully pass a radiation safety worker class. 
An isolated location for conducting the experiments was used to minimize the risk of 
spreading radioactive contamination. Practice runs of experiments were conducted 
beforehand. The filtration apparatus and samples were stored within the hood of the lab. 
The hood provided negative pressure within the hood to reduce contamination of the lab 
from radon production. Workspace surfaces in the lab were wiped down between 
experiments and all waste discarded in labeled radioactive waste container. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1 Column Exhaustion Study (I) 
The purpose of this study was to treat groundwater and accumulate radium-226 activity 
on cation exchange resins. The site selected was located in Pelham, NH and is known for 
having high levels of radionuclides in the groundwater aquifer. New Hampshire 
Department of Environmental Services (NHDES) requires monitoring to ensure that 
drinking water quality meets applicable standards. 
Two cation exchange resins treated groundwater, until they were exhausted with target 
contaminants. Raw and treated water samples were taken from December 2005 to 
January 2006 during resin exhaustion and accumulation of radium-226 activity. Table 4-1 
depicts a summary of the selected raw water cation characteristics. The level of radium-
226 activity from the raw water samples was 5.8 pCi/L above drinking water standards. 
This was driving force in site selection. Groundwater sources with high radium-226 
activity could potentially accumulate faster on the resins than source waters with low to 
trace levels which may require more treatment volume and more time to complete the 
experiment. The groundwater also contains above average levels of iron and hardness. 
They are removed along with radium-226 using ion exchange units housed in a small 
treatment building. Since most aquifers with high radium-226 activity also contain high 
total dissolved solids (TDS) with cationic nature, such as hardness, it is difficult to 
remove just radium-226 using cation exchange media. 
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In order to effectively compare and quantify accumulations of radium-226 activity on the 
resins tested, the gram dry weight (gdw) of the cation exchange resin was determined for 
each of the samples prior to starting the column exhaustion study. Gram dry weight was 
determined on the virgin resin to ensure there was adequate resin media within the 
column apparatus for the total number of media samples required by the orthogonal array 
while minimizing the amount of water necessary for radium-226 accumulation. Table 4-2 
lists the average percent moisture of virgin resin before water treatment occurs. 
Table 4-2. Percent Moisture of Resin Before Saturation (Shipping Weight) 
Resin 
Resintech - CG8 
Rohm & Haas - Amberlite SF120Na 
Number of Samples 
2 
2 
Percent Moisture (%) 
32.2 
37.8 
Since the analytical company requires at least 1 gdw resin for radium-226 analysis, the 
moisture content of the wet resin was determined. Resins were weighed, saturated with 
distilled water, filtered, and weighed again. Table 4-3 lists the average percent moisture 
of wet resin. Due to the high moisture content, each sample sent to Hazen for radium-226 
analysis contained a minimum of 2 grams wet weight (gww) resin. 
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Table 4-3. Percent Moisture of Saturated Resin After Filtration (Wet Weight) 
Resin Number of Samples Percent Moisture (%) 
Resintech - CG8 2 5^0 
Rohm & Haas - Amberlite SF120Na | 2 | 56.1 
Synthetic resins have a high moisture content that provides an increase in exchangeable 
surface area for the radium-226 ion to adsorb to. The high level of moisture causes the 
resin bead to swell. This swelling requires an additional void space within the treatment 
unit. For the experiments conducted, columns were only partially filled to account for the 
swelling characteristics of the resin. 
Samples were taken at the influent and effluent of each column setup and tested for 
selected metals and radium-226 activity, representing untreated and treated samples, 
respectively. The level of hardness in the untreated and treated water samples and the 
amount of hardness removal was monitored to approximate radium-226 removals and 
indicate when the resin was near exhaustion. When hardness levels in treated water 
samples were at or over hardness levels in the untreated samples, the resin column is 
considered to be experiencing hardness breakthrough. The literature suggests at this time 
that radium-226 removals are still occurring, but is near exhaustion. Figure 4-1 and 
Figure 4-2 show calcium and magnesium breakthrough over the period of treatment 
during the column exhaustion study. Basically, complete calcium and magnesium 




5,000 10,000 15,000 
Bed Volumes Treated 
20,000 25,000 
• Influent • Effluent Column 1 - Resintech • Effluent Column 2 - Rohm & Haas 
Figure 4-1. Calcium Breakthrough Curve for Column Exhaustion Study (I) 
Column Setup #1 
5,000 10,000 15,000 
Bed Volumes Treated 
20,000 25,000 
• Influent • Effluent Column 1 - Resintech • Effluent Column 2 - Rohm & Haas 
Figure 4-2. Magnesium Breakthrough Curve for Column Exhaustion Study (I) 
Column Setup #1 
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However, both Figure 4-1 and Figure 4-2 depict a significant increase in hardness in the 
influent and effluent samples around 16,000 bed volumes treated. This increase in 
hardness concentration was caused by a pump malfunction with the primary groundwater 
well, which caused water to be withdrawn from a secondary groundwater well that had 
higher levels of hardness. Radium-226 activities in the influent and effluent samples also 
showed a similar increase in activity around 16,000 bed volumes. This suggests that the 
secondary well also had higher levels of radium-226 activity as well as high hardness 
levels. The level of radium-226 breakthrough is shown in Figure 4-3. 
Figure 4-3. Radium-226 Breakthrough Curve for Column Exhaustion Study (I) 
Column Setup #1 
The level radium-226 activity adsorbed to the resin was a function of the capacity of the 
resin and the level of radium-226 activity in the raw water. The total concentrations of 
competing divalent ions and radium-226 activity on the two resins is compiled in Table 
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4-4. Resintech CG8 resin was shown to have a considerably higher concentration of 
calcium and magnesium, while both resins had similar radium-226 activities. This 
suggests the Rohm & Haas Amberlite SF120Na resin may have a higher selectivity for 
the radium-226 ion than the Resintech's CG8 resin. 
Table 4-4. Contaminant Accumulation on Resins 
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Once the activity of radium-226 on the resin was determined from sample analysis, future 
column setups could be adjusted as necessary to approximate the anticipated radium-226 
activity on resin. Due to a lab mishap while determining percent moisture on the batch 
study samples, some resin data was lost. A second column exhaustion study was 
completed at the Pelham site and the resin was cleaned to account for earlier radium-226 
to resin exposure times and to complete the orthogonal array. Due to uncontrollable 
variations in ground water characteristics, the mass influx of cations was not consistent as 
during the first column setup. The second column setup had overall lower concentrations 
and activities as shown in Table 4-5. The Resintech CG8 resin showed higher 
concentrations of hardness and iron, as in the previous study, and similar radium-226 
activities as the Rohm & Haas Amberlite SF120Na resin. 
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Table 4-5. Contaminant Accumulation on Resins 









pCi / gdw 
mg / gdw 
mg / gdw 
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Iron precipitant that formed on the top of the columns was sampled and sent for radium-
226 analysis to see if there was radium-226 accumulation during treatment. The results 
show a 0.3-0.4 pCi per gdw buildup of radium-226 activity, suggesting limited adsorption 
of the radium-226 ion by the iron precipitant. 
4.2 Batch Regeneration Studies (II) 
The two resins from Column Setup #1 and Column Setup #2 were cleaned in the batch 
resin regeneration study. Due to high analytical costs per sample, replicates were not 
completed for each trial in the orthogonal array. Each recovery was calculated from the 
activity of a fouled resin sample and a cleaned resin sample. Phases were established to 
differentiate between each radium-266 to resin exposure time in the orthogonal. Phase 1 
and 2 samples were lost due to the lab mishap and Phases 5 and 6 were completed using 
resin from Column Setup #2 to replace the samples with lower exposure times. Table 4-6 
lists the radium-226 recovery for Resintech CG8 resin and Table 4-7 lists the radium-226 
recovery for Rohm & Haas Amberlite SF120NA resin. 
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Table 4-6. Factor Settings and Radium-226 Recoveries From Batch Regeneration 





































































































































































































































1. Negative recoveries indicate that the initial 
2. See Appendix C, Table C2 for factor settin 
samples may not have been representative, 
gs-
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1. Negative recoveries indicate that the initial 
2. See Appendix C, Table C2 for factor settinj 
samples may not have been representative. 
»s. 
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Table 4-7. Factor Settings and Radium-226 Recoveries From Batch Regeneration 
Studies (II) For Rohm & Haas Amberlite SF120NA Resin Exhausted During 












































































































































































































































1. Negative recoveries indicate that the initial 
2. See Appendix C, Table C2 for factor settinj 
samples may not have been representative. 
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For Rohm & Haas Amberlite SF120NA Resin Exhausted During Column 
































































































































1. Negative recoveries indicate that the initial samples may not have been representative. 
2. See Appendix C, Table C2 for factor settings. 
There were two noticeable trends when evaluating the effect of the factors on the removal 
efficiency using Analysis of Variance (ANOVA). Brine solutions with high salt 
concentrations typically had better recovery. Samples with a negative percent radium-226 
recovery indicates that the sample used to generate the initial radium-226 activity or the 
resin sample to be cleaned may not have been representative of the actual activity of the 
resin before cleaning. 
A statistical evaluation of the data collected from the batch studies was completed using 
JMP software to easily show the influence of each factor on the overall experiment. Table 
4-8 lists the JMP output and lists the significance of each factor and interactions between 
factors were compared. The level of significance is gauged by the P factor listed in Table 
4-8. The lower the P factor, the more the factor contributes to the treatment. P factors of 
less than 0.05 are considered very important in the experiment. From the statistical 
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analysis performed using the JMP software, Brine strength was the most influential factor 
with the highest F Ratio and lowest P Value. This confirms the theoretical equilibrium 
equation found in the literature review that the concentration of sodium in the brine 
cleaning solution has a significant impact on how much radium-226 is removed from the 
resin. Other contributing factors include resin type, initial radium-226 activity, column 
setup and pH. Although Brine Contact Time showed little effect by itself, the interaction 
between Brine Contact Time and other factors did have high F Ratios and P Values, 
suggesting it indirectly influences radium-226 recoveries and should not be ruled out as a 
significant factor. 
Table 4-8. 
Analysis of Variance Table for Batch Regeneration Studies 
Term 
Brine Strength 
Intitial Radium-226 Activity 
Resin Type x Radium-226 Exposure 
Time 
Resin Type 
Radium-226 Exposure Time 
Brine pH 
Brine Strength x Brine Contact Time 
Brine Strength x Initial Radium-226 
Activity 
Brine Strength x Radium-226 
Exposure Time 
Resin Type x Brine Contact Time 









































"•"Significant at 0.01 level 
By varying significant factors, the effectiveness of each factor and the amount of radium-
226 removed from the resin, or amount of radium-226 recovery can be evaluated. Since 
there were only two factor settings in the orthogonal array, a linear relationship between 
the two factor settings can be determined. The best way to determine the best factor 
settings is by Maximizing Desirability using JMP statistics software. This will set all 
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factors so the greatest radium-226 recovery. If one were interested in maximum radium-
226 recovery using the settings from the batch regeneration studies, the factor settings 
would be set as indicated in Table 4-9. 
Table 4-9. Best Factor Settings for Highest Radium-226 Recovery 
From Batch Regeneration Studies (II) (1/30/2006-8/23/2006) 
Factor 
Brine Strength 
Initial Radium-226 Activity on Fouled Resin at Each Phase 
Resin Type 
Radium-226 to Resin Exposure Time 
Brine pH 
Brine Contact Time 









4.3 Column Regeneration Study (III) 
Since the Batch Regeneration Studies (II) found brine strength as the most influential 
factor in radium-226 recoveries and equilibrium equation found in the literature review 
only applies when the reaction is at equilibrium, the radium-226 recoveries were 
evaluated using a regenerant flow or mass loading of salt over time to determine the best 
cleaning conditions. 
A third column exhaustion setup (Column Setup #3) was used to accumulate radium-226 
on resin for the column regeneration study. This study used the same resins and 
exhaustion columns as in the first two setups used to exhaust resins with contaminants 
found in groundwater from the site Pelham, NH. The treatment flow rates and quantity of 
resin used in Column Setup #3 was scaled down to decrease the amount of time 
necessary to reach similar radium-226 accumulation as in the first two column setups. 
After 7 days of treatment, the resins were taken to the radiation lab at UNH, sampled for 
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target contaminant accumulation and sent for analysis for iron, hardness, and radium-226 
activity. Table 4-10 lists the contaminant accumulations on the resin from the Column 
Setup #3. 
Table 4-10. 
Contaminant Accumulations on Resins 
Used in Column Exhaustion Setup #3 (11/15/2006-11/22/2006) 
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Both resins had similar radium-226 activity, but Resintech had higher concentrations of 
metals. The resins were divided into 8 columns for cleaning based on an orthogonal array 
presented in Table 3-3. Brine strengths of 5% and 20% were used for the cleaning 
solution in this experiment. Salt mass loadings could be compared based on the brine 
strength, contact time, and regenerant flow rate. Figure 4-4 compares the salt mass 
loading and contact time based on the brine strength for a flow rate of 3 milliliters per 
minute (0.0475 gallons per minute) and a loading rate of 1.48 gallons per minute per 
cubic foot of resin. It compares Brine Strengths at 5%, 10%, 15% and 20%) and shows the 
linear relationship of Salt Mass Loading as Brine Contact Time increases. Figure 4-5 
shows the manufacturers recommended operating conditions during regeneration with 20 
minutes of contact time at Brine Strengths of 5%, 10%, 15%, and 20%. 
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0 10 20 30 40 50 60 70 
Brine Contact Time (min) at 1.48 gpm/ft3 resin Regenerant Flow Rate 
j — • — 5% Brine —•—10% Brine —A—15% Brine —X— 20% Brine j 
Figure 4-4. Relationship Between Brine Contact Time (at 1.48 gpm/ft3 Regenerant 
Flow Rate) and Salt Mass Loading used in Column Regeneration Study (III) 
Figure 4-5. Relationship Between Regenerant Flow Rate (at 20 minutes Brine 
Contact Time) and Salt Mass Loading used in Column Regeneration Study (HI) 
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Once the resin samples were cleaned, they were removed from the column, placed in a 
sample container, packaged and shipped for determination of radium-226 activity and 
metals analysis. An assessment of the effect of total brine volume to regenerate resins 
was accomplished by varying the total volume of brine through the column. Table 4-11 













1. Radium-226 Recovery: 
Resin 
Rohm & Haas Amberlite 
SF120Na 
Resintech CG8 
Rohm & Haas Amberlite 
SF120Na 
Resintech CG8 



























1. Regeneration conditions are brine pH= 5.5 and target flow rate = 3 mL/min 
Once the amount of radium-226 removed from the resins was determined, the 
information was input into the JMP statistic software to determine which factors 
influenced the experiment and contributed to the highest radium-226 recovery based on 
the factor settings used in the orthogonal array. The information from JMP output was 
used to generate the analysis of variance table in Table 4-12 and shows the influence each 
factor had on overall radium-226 recoveries. 
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"Significant at 0.05 level 
"•"Significant at 0.01 level 
N.S. = Factor Not Significant 
Brine Strength was determined to be the most influential factor in the experiment 
through the statistical analysis of the analytical data. This confirms the findings in the 
equilibrium equations found in the literature review and the Batch Regeneration Studies 
(II). Resin Type did have some influence, as Resintech's resin showed better removal 
efficiencies. However, the number of samples from Rohm & Hass resin, were limited due 
to high analysis costs and time. Brine Contact Time and Brine Volume showed to be not 
significant in this experiment. This is similar to what was found in the Batch 
Regeneration Studies (II) and cannot be ruled out as the interactions with other factors 
did have a significant impact in the radium-226 recoveries. 
Both resins showed significant radium-226 recoveries as a function of increasing brine 
solution loadings. To best show the relationship, Radium-226 recovery and mass loading 









50 100 150 200 
Salt Mass Loading (lb NaCl per ft3 resin) at 5% & 20% Brine Strength 
250 
-H— Resintech CG8 (5%) —•— Resintech C08 (20%) 
-A—Rohm & Haas Amberlite SF120Na (5%) —A—Rohm & Haas Amberlite SF120Na (20%) 
Figure 4-6. Salt Mass Loading vs. Radium-226 Recovery from Column 
Regeneration Study (III) 
The importance of salt mass loading on resin regeneration efficiency was developed as 
outlined in Figure 4-6. The graph shows a non-linear relationship between radium-226 
recovery and salt loading per cubic foot of resin. Salt loadings above 100 pounds per 
cubic foot of resin show diminishing radium-226 recoveries, indicating a limited 
importance of high salt mass loadings. Treatment facilities using ion exchange rely on 
operators to maintain a full 'salt crock' or tank holds the cleaning solution and salt in 
solid form. The salt concentration in the brine solution is directly related to how much 
salt is in contact with the cleaning fluid. The economics associated with keeping a salt 
crock full is important when considering the cost to operate a treatment facility. Over the 
course of the experiment the salt crock at the site in Pelham, NH was empty or near 
empty. This means there was minimal resin regeneration during cleaning, since there was 
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little salt in the cleaning solution. Upon this discovery, the owner and operators were 
notified and the salt crock filled and properly maintained. 
4.4 Field Verification Regeneration Study (IV) 
The purpose of the field verification study was to determine how effective the cleaning 
solutions and practices used in the batch and column regeneration studies applied to full-
scale resin treatment columns found in the field. Field resins typically have been in 
operation for a lengthy period of time and have experienced numerous cleaning cycles. 
Maintenance and cleaning procedures were evaluated in order to better compare the 
regeneration conditions explored in previous studies and an ion exchange unit used in the 
field under 'real-world' conditions. 
Two sites were selected based on type of ion exchange resin used for treatment and the 
levels of radium-226 found in the groundwater. The site used in the resin exhaustion 
studies in Pelham, NH was selected, as well as a site located in the neighboring town of 
Windham, NH. Both facilities treat groundwater with trace levels of radium-226 activity. 
Table 4-13 summarizes the two systems' conditions at the time of the study. 































The Pelham site has been in operation for much longer than the Windham site and has 
higher levels of radium-226 activity in the groundwater source. The wells are 
considerably deeper in Windham and, by comparison, the facility is much easier to access 
and maintain than Pelham. Unfortunately the amount of resin found in the columns and 
the exact age were not available. 
Brine cleaning solution and resin samples were taken in the field before and after resin 
regeneration in order to determine the amount of radium-226 activity and metals 
recovered. Table 4-14 lists the levels of contaminant accumulation on the resin samples 
from the two sites before cleaning. 

























Table 4-14 shows the initial Windham resin samples had little radium-226 activity 
buildup on the resin. This is likely because of the low radium-226 groundwater activity 
shown in Table 4-13. In comparison to the accumulations of previous exhaustion setups 
listed in Table 4-4, 4-5 and 4-10, the contaminant levels on the aged resins were 
considerable higher. This may be due to irreversible fouling caused by radium-226 and 
other cation accumulation from less efficient cleaning solutions during the regeneration 
process. Once the samples were analyzed the removals were calculated. 
The percentage of contaminants removed from each resin after field regeneration at the 
two sites sampled is summarized in Table 4-15. 
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The Windham site showed higher radium-226, calcium and magnesium recoveries than 
the Pelham site, but the Pelham site recovered more iron. This may be due to the higher 
initial concentration of iron on the resin as listed in Table 4-14. 
The radioactivity associated with radium-226 decay was measured in the brine solution 
before and after resin regeneration at the two sites and are listed in Table 4-16. 














Dirty Brine Solution 




The Windham site has a considerably higher radium-226 activity in the used brine 
cleaning solution. This is in indication that radium-226 is being removed during 
regeneration. The Windham site discharges the cleaning solution waste and rinse water 
into a holding tank that is periodically pumped and diluted into the waste stream at the 
municipal wastewater treatment plant. The holding tank was sampled and shown to have 
a lower activity from dilution from rinse volumes. However, for the Pelham site, prior to 
NHDES intervention, waste streams were discharged directly behind the treatment 
building. Not surprisingly, a subsurface exploration found high levels of radium-226 
activity within the soils down gradient of the site (Ballestero, 2007). A dry well has since 
been installed to infiltrate cleaning wastes and new groundwater sources are being 
investigated to eliminate the need for radionuclide treatment. 
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The resins before regeneration at Pelham and Windham were cleaned using the cleaning 
solution with the highest radium-226 recoveries from the previous studies in the UNH 
radiation laboratory. Samples were packaged and sent for analysis of radium-226 and 
metals. Table 4-17 identifies the radium-226 and metals recoveries for each resin column 
and its associated factor settings (cleaning conditions). See Table 3-4 for factor settings. 
































































1. Negative recoveries indicate that the background samples may not have been representative. 
2. Regeneration conditions are brine pH= 5.5, brine strength = 20% and target flow rate = 3 mL/min 
The negative iron recoveries indicate that the background sample taken before cleaning 
may not have been homogeneous with resin samples to be cleaned. The other percent 
recoveries indicate there was a considerable amount of metals removed during the 
experiment. This verifies that the sodium ion was exchanging properly with the metal 
ion, allowing desorption from the resin surface. Moreover, higher recoveries were noted 
with increasing contact time. 
The salt concentrations of the brine cleaning solutions with the highest radium-226 
recoveries was compared to the salt concentrations found in Windham and Pelham and 
are listed Table 4-18. The concentration of salt within the brine solution was expected to 
be higher in the experiments conducted by UNH, but Windham showed the highest salt 
concentration between the three solutions compared. This means that the concentration of 
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salt used in the experiments were slightly lower than the samples taken from the salt 
crocks in the field. 









In order to determine the most effective salt concentration and flow rate, radium-226 
recovery was compared to the mass loading of salt applied to the resin samples. Figure 4-
7 depicts this relationship and shows a similar tailing off around 85% radium-226 
recovery. 
Figure 4-7. Salt Mass Loading vs. Radium-226 Recovery from Field Verification 
Regeneration Study (IV) 
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The higher removals for the Windham resin may be attributed to the low initial activity 
on the resin before cleaning. This is consistent with Figure 4-6 and suggests minimal 
impact due to the age of resin. All radium-226 recoveries were compared by age and the 
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Figure 4-8. Salt Mass Loading vs. Radium-226 Recovery for Age Comparison from 
Field Verification Regeneration Study (IV) 
The radium-226 to resin exposure time associated with the age of the resin has no 
apparent effect on removal of radium-226 as noted in Figure 4-7. As in Figure 4-6, there 
is a non-linear relationship between radium recovery and amount of salt applied to the 
resin. Due to similar percent removals, this experiment verifies that radium-226 to resin 




Irreversible radium-226 fouling can occur on cation exchange resins and decreases the 
efficiency of the regeneration over life of the resin. The resin exhaustion studies 
presented in this paper have shown that radium-226 accumulation during treatment of 
groundwater sources occurs concurrently with hardness and iron accumulation. 
Breakthrough of hardness from ion exchange columns occurs before radium-226 
breakthrough and is a good indication of when the resin should be cleaned. 
The most influential factor in determining the amount of radium-226 activity removed 
from the cation exchange resins during the regeneration studies has shown to be directly 
related to the characteristics of the brine cleaning solution. High salt concentrations in the 
regenerate solution have shown to be the most influential in radium-226 recoveries and 
resin cleaning efficiency. The high salt concentrations will maximize radium-226 and 
hardness recovery during resin regeneration and extend the life expectancy of the resin. 
The radium-226 exposure time, or length of time the radium-226 cation is in direct with 
the resin surface, has shown little impact on the ability of the cleaning brine solution to 
effectively clean cation exchange resins. The regeneration studies completed show newer 
cation exchange resins behave similarly during cleaning than those in service for up to 
ten years. By maintaining consistent cleaning cycles with high salt concentrations, the life 
expectancy of the resin is increased, despite resin age, and the treatment potential is 
maximized. 
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Although frequent and consistent cleaning cycles with high salt concentrations in 
cleaning solution increases the cost for treatment for the increase in salt usage, there is 
added benefit to lowering the levels of harmful radioactivity in dirty brine cleaning 
solutions. It is important that the regeneration byproducts that contain high levels of 
radioactive activity be stored and disposed of properly. This may include high storage, 
trucking and disposal costs and must be evaluated before considering ion exchange to 
treat for trace levels of radium-226. These costs should be evaluated before choosing ion 




The studies performed suggest increasing cleaning frequency with cleaning solutions 
with high brine strengths yield a more efficient exchange media used for treating 
groundwater with hardness and radium-226 by increasing the likelihood the contaminant 
ion will adsorb to available exchange sites the surface of the resin. The lengthy sample 
analysis and data turnaround making radium-226 monitoring difficult, the amount of 
hardness competing for exchange sites and decrease in removal (breakthrough) should 
also be monitored. Operators should use proper regeneration conditions to keep the resins 
as clean as possible, but the should also recognize that there is a point where the resin can 
no longer be regenerated efficiently. 
Due to the high length of resin service expected by most treatment systems using ion 
exchange, it is important to keep disposal costs of potentially dangerous radioactive resin 
waste low by effectively regenerating resins. Operators should consistently add relatively 
high amounts of salt to the regenerate container, or salt crock, in order to ensure a high 
salt concentration during the cleaning process. Under normal operation, by maintaining a 
full salt crock the increases in surface area of the salt and increases the potential the salt 
will dissolve into solution between regeneration cycles and increase the overall salt 
concentration. The resin manufacturer suggested operating conditions list average salt 
mass loadings of between 5 to 15 pounds of salt per cubic foot of resin. The studies 
completed suggest diminishing removals of contaminant ions when increasing salt loads 
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over 150 pounds of salt per cubic foot of resin. However, due to the higher salt costs from 
intense cleaning with high salt concentrations, there are economic limitations that 
affecting the cleaning frequency. 
It is recommended that the cleaning frequency be increased with cleaning solutions with 
high salt concentrations, but not exceed a mass loading of 150 pounds salt per cubic foot 
of resin per cleaning cycle. Larger volumes of cleaning solutions with higher salt 
concentrations can be achieved from installing larger salt crock containers that will 
provide an increase of the total void space available between salt pellets. 
Overall, higher radioactive contaminant recoveries during cleaning with a higher brine 
strength cleaning solution on an increased frequency may also decrease disposal costs 
from lowered radium-226 activities in waste byproducts. The benefits from high 
maintenance costs from higher salt concentrations and low disposal costs or low 
maintenance costs and high disposal costs should be assessed to determine the most 
practical and cost effective method for treatment operators. 
Future work to determine the optimal brine strength and any non-linear relationships for 
radium-226 recovery should be evaluated by using more than two brine strength settings 
as used in this study. By optimizing the brine cleaning solution, there is opportunity to 
balance slightly higher maintenance costs from using optimal salt concentrations and 
below average disposal costs from well-cleaned resins. 
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APPENDIX A 
SUMMARY OF EXPERIMENTS 
Preliminary Site Investigation and Laboratory Work - Pelham, New Hampshire 
Preliminary Site Investigation 
Sampling Event at Site in Pelham, NH 
Date Completed 
October 19, 2006 
Laboratory Work - Water Treatment Technology Assistance Center, UNH 
Date Completed 
Resin Moisture Determination M y 20, 20Q5 
Column Exhaustion Studies (I) -
Column Setup 
Setup 1 (for Batch Regeneration 
Studies Phase I - IV) 
Setup 2 (for Batch Regeneration 
Phase V& VI) 
Setup 3 (for Column 
Regeneration Study) 
*elham, New Hampshire 
Timeline 
Start - December 7,2005 
Sample Influent and Effluent - December 10, 2005 
Check Setup (Leak Fixed) - December 13, 2005 
Sample Influent and Effluent - December 21, 2005 
Checkup - No Leaks - December 27, 2005 
Sample Influent and Effluent - January 4, 2006 
Sample Influent and Effluent - January 16, 2006 
Stop - January 16, 2006 
Start-Julyl0,2006 
Sample Influent and Effluent - July 27,2006 
Sample Influent and Effluent - August 7 2006 
Stop - August 7,2006 
Start -November 15, 2006 
Sample Influent - November 15, 2006 
Sample Influent - November 22, 2006 
Stop - November 22, 2006 
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Batch Regeneration Studies (II) - UNH Radiation Laboratory 
Cleaning Phase for Each Orthogonal Array 
Phase 1-54 days after treatment (Data Lost 3/13/06) 
Phase II - 68 days after treatment (Data Lost 3/13/06) 
Phase III - 100 days after treatment 
Phase IV - 166 days after treatment 
Phase V - 30 days after treatment (Redo Phase I Samples) 
Phase VI - 44 days after treatment (Redo Phase II Sample) 
Date Completed 




August 9, 2006 
August 23, 2006 
Column Regeneration Study - UNH Radiation Laboratory 
Clean Resin from Third Exhaustion Setup 
Date Completed 
November 30, 2006 
Field Verification Regeneration Study - UNH Radiation Laboratory 
Date Completed 
Collect Samples - Windham NH February 1, 2007 
Collect Samples - Pelham, NH March 8, 2007 




RESIN EXHAUSTION STUDY (I) 
Table C.l 
Resin Percent Moisture Calculations 




































Rohm & Haas 1.3174 0.0403 1.3412 0.0238 40.94% 
Rohm & Haas 1.2639 0.0813 1.3135 0.0496 38.99% 39.97% 
Table C2. 
Water Sample Data from Field Work at Pelham Site 
Showing Radium-226 Activity in Raw and Treated Groundwater 
For Potential Use in Resin Exhaustion Studies (I) (10/19/2005) 
Sample 
ID 
Sampling Location Date Radium-226 Activity (pCi/L) Precision (+/-) 
II.1 Influent Existing System 10/19/05 8.7 1.7 
11.2 Influent Existing System 10/19/05 9.5 1.8 
El Effluent Existing System 10/19/05 1.5 1 
1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
2. Radium-226 activities were determined using SM 7500 Ra B. 
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Table C3. 
Water Sample Data From Field Work Using Resin Exhaustion Column Setup #1 



















h Regeneration Studies (I) (12/7/2 
Sampling Location 
Influent Column Setup 
Effluent Column 1 
Effluent Column 2 
Influent Column Setup 
Effluent Column 1 
Effluent Column 2 
influent Column Setup 
Effluent Column 1 
Effluent Column 2 
Influent Column Setup 
Effluent Column 1 
Effluent Column 2 
Influent Column Setup 
Effluent Column 1 




































































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
2. Radium-226 activities were determined using SM 7500 Ra B. 
3. Gram dry weight (gdw) of resin per column = 249 grams 
4. Bed volume resin per column = 0.128 gallons 
5. Average flow rate = 2.5 gallons per hour (maximum of 5.0 gallons per hour for first 2,700 bed volumes) 
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Table C4. 
Water Sample Data From Field Work Using Resin Exhaustion Column Setup #2 
Showing Radium-226 Activity in Raw and Treated Groundwater 


















Influent Column Setup 
Influent Column Setup 
Influent Column Setup 
Influent Column Setup 
Effluent Column 1 
Effluent Column 1 
Effluent Column 2 
Effluent Column 2 
Influent Column Setup 
Influent Column Setup 
Effluent Column 1 
Effluent Column 1 
Effluent Column 2 

































































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 
2. Gram dry weight (gdw) of resin per column = 168 grams 
3. Bed volume resin per column = 0.0864 gallons 
4. Average flow rate = 2.5 gallons per hour 
.96 sigma. 
Table C5. 
Resin Sample Data from Laboratory Work 
Showing Initial Radium-226 Activity on Resin 
From Resin Exhaustion Column Setup #1 

























































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
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Table C6. 
Resin Sample Data from Laboratory Work 
Showing Initial Radium-226 Activity on Resin 
From Resin Exhaustion Column Setup #2 





































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
Table C7. 
Water Sample Data From Field Work Using Resin Exhaustion Column Setup #3 




ID Sampling Location 












11/22/2006 1IC-1&2 Influent Column Setup 17,830 3.2 0.8 
1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
2. Radium-226 activities were determined using SM 705 (modified). 
3. Gram dry weight (gdw) of resin per column = 92 grams 
4. Bed-volume resin per column = 0.047 gallons 
5. Average flow rate = 2.5 gallons per hour 
Table C8. 
Resin Sample Data from Laboratory Work 
Showing Radium-226 Activity on Resin 
From Resin Exhaustion Column Setup #3 


















1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
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BATCH REGENERATION STUDIES (II) 
Table C9. 
Resin Sample Data From Laboratory Work 
Showing Radium-226 Activity on Cleaned Resintech CG8 Resin 
From Resin Exhaustion Column Setup #1 




































































Moisture Radium-226 Activity 
(pCi/gdw) 



















































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
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Table CIO. 
Sample Data From Laboratory Work 
Showing Radium-226 Activity on Cleaned Resintech CG8 Resin 
From Resin Exhaustion Column Setup #2 

























































































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
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Table CI 1. 
Sample Data From Laboratory Work 
Showing Radium-226 Activity on Cleaned Rohm & Haas Amberlite SF120NA Resin 
From Resin Exhaustion Column Setup #1 




































































Moisture Radium-226 Activity 
(pCi/gdw) 
Precision 









































































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
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Table C12. 
Sample Data From Laboratory Work 
Showing Radium-226 Activity on Cleaned Rohm & Haas Amberlite SF120NA Resin 
From Resin Exhaustion Column Setup #2 



























































































Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
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COLUMN REGENERATION STUDY (III) 
Table C13. 
Resin Sample Data From Laboratory Work 
Showing Final Radium-226 Activity on Cleaned Resin 


















































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
Table C9. 
Brine Cleaning Solution Sample Data from Laboratory Work 
Showing Radium-226 Activity in Dirty Brine Cleaning Solution 






































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
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Table CIO. 
Factor Settings and Radium-226 Recoveries 












Rohm & Haas 
AmberliteSF120Na 
Resintech CG8 














































1. See Orthogonal Array in Table 3-3 for factor settings. 
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FIELD VERIFICATION REGENERATION STUDY (IV) 
Table C l l . 
Resin Sample Data from Field Sampling Event 
Showing Radium-226 Activity on Aged Resins 







Verification Regeneration Study (2/1/2C 
Sample ID 
Windham Resin Dirty 
Windham Resin Clean 
Pelham Resin Dirty 




























1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
2. Radium-226 activities were determined using SM 705 (modified). 
3. Percent moisture was determined using ASTM D3173. 
Table C12. 
Brine Cleaning Solution Sample Data from Field Sampling Event 
Showing Radium-226 Activity in Dirty Brine Cleaning Solution 









Windham Brine Clean 
Windham Brine Dirty 
Windham Brine Dirty 
Pelham Brine Clean 
Pelham Brine Dirty 
Sampling Location 
Brine Tank 
Effluent Treatment Unit 
Holding Tank 
Brine Tank 

















1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
2. Radium-226 activities were determined using SM 705 (modified). 
3. Percent moisture was determined using ASTM D3173. 
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Table C12. 
Resin Sample Data from Laboratory Work 
Showing Final Radium-226 Activity on Cleaned Resins 















































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
2. Radium-226 activities were determined using SM 705. (modified). 
3. Percent moisture was determined using ASTM D3173. 
Table C13. 
Brine Cleaning Solution Sample Data from Laboratory Work 
Showing Radium-226 Activity in Dirty Brine Cleaning Solutions 






































1. Variability of the radioactive decay process (counting error) at the 95% confidence interval, 1.96 sigma. 
2. Radium-226 activities were determined using SM 705 (modified). 
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Table C14. 
Factor Settings and Radium Recoveries 




















































































1. See Orthogonal Array in Table 3-4 for factor settings. 
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APPENDIX C 
STATISTICAL ANALYSIS AND JMP SOFTWARE OUTPUT 
BATCH REGENERATION STUDIES (II) 
Response Ra-226 Cleaned Resin 
Actual by Predicted Plot 
35-
I -5 30-








5 10 15 20 25 30 35 




; Summary of Fit 
RSquare 0.952457 
RSquareAdj 0.943741 
Root Mean Square Error 1.972539 
Mean of Response 20.19583 
Observations (or Sum Wgts) 72 
Analysis of Variance 
Sum of 
Source DF Squares Mean Square 
Model 11 4676.9542 425.178 
Error 60 233.4545 3.891 







Brine Contact Time 
Resin[Resintechf (Brine Contact Time-0.625) 
(Brine Strength-12.5)*(Brine Contact Time-0.625) 
Holding Time 
ResinfResintechf (Holding Time-83.1111) 




Prob >• F 
<.000 




Brine Strength 1 
pH 1 
Brine Contact Time 1 
Resin'Brine Contact Time 1 
Brine Strength*Brine Contact Time 1 
Holding Time 1 
Resin*Holding Time 1 
Brine Strength'Holding Time 1 
Ra-226nnFouled Resin 1 





































































































(Brine Strength-12.5)* (Brine ContactTime-0.625) 
(Brine Strength-12.5)*(Ra-226DQFouled Resin-27.3333) 
(Brine Strength-12.5)*(Holding Time-83.1111) 
Resin[Resintech]*(Brine Contact Time-0.625) 
Brine Contact Time 
:
 Prediction Profiler 
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30 15 
Holding Ra-226 
Time Fouled Resin 
B D O a m i ) 
Desirability 
Scaled 
Nominal factors expanded to all levels 







Brine Strength -3.443056 
pH 0.8375 
Brine Contact Time -0.120938 
Resin[Resintech]*(Brine Contact Time-0.625) -0.425937 
Resin[Rohm&Haasf(Brine Contact Time-0.625) 0.4259375 
(Brine Strength-12.5)*(Brine Contact Time-0.625) -0.7125 
Holding Time 1.8981011 
Resin[Resintech]*(Holding Tirne-83.1111) 1.4263069 
Resin[Rohm&Haasf (Holding Time-83.1111) -1.426307 
(Brine Strength-12.5)*(Holding Time-83r1111) -0.99235 
Ra-226DDFouled Resin 6.7337605 
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APPENDIX C 
STATISTICAL ANALYSIS AND JMP SOFTWARE OUTPUT 
COLUMN REGENERATION STUDY (II) 
Response Ra-226 Cleaned Resin 
Singularity Details 
Intercept = 0.18182*pH = - 0.125*Resin[Resintech] + 
2*Brine Contact Time - 2*Resin[Resintech]*(Brine 
Contact Time-0.5625) = 0.07143*Exposure Time = 
0.0303*Resin[Resintech] + 0.06061*lnitial Ra-226 on 
Resin 
Resin[Resintech]*(Exposure Tirne-14) = 0 
(Brine Strength-12.5)*(Exposure Time-14) = 0 








? 5 - ^—, , 
-" 
2.5 5.0 7.5 10.0 12.5 15.0 17.5 
Ra-22B Cleaned Resin 
Predicted 
P=0.0024 RSq = 1.00 
RMSE=0.2B35 
:
 Summary of Fit 
RSquare D.99BD2 
RSquareAdj 0.996571 
Root Mean Square Error 0.283473 
Mean of Response 9.275 
Observations (or Sum Wgts) 8 
Analysis of Variance 
Sum of 
Source DF Squares Mean Square 
Model 5 163.89429 32.7789 
Error 2 0.16071 0.0804 
C. Total 7 164.05500 
F Rat io 
407.9147 







Term Estimate Std Error t Ratio 
Intercept Biased 19.21131 0.285854 67.21 
Resin[Resintech] Biased -1.144643 0.116756 -9.80 
Brine Strength -0.563333 0.013363 -42.16 
pH Zeroed 0 0 . . 
Brine Contact Time Biased -4.128571 0.371154 -11.12 0.0080* 
Resin[Resintech]*(Brine ContactTime-0.5625) Zeroed 0 0 . . 
(Brine Strength-12.5)*(Brine Contact Time-0.5625) -0.017143 0.049487 -0.35 0.7621 
Exposure Time Zeroed 0 0 . . 
Resin[Resintech]*(ExposureTime-14) Zeroed 0 0 . . 
(Brine Strength-12.5)*(ExposureTime-14) Zeroed 0 0 
Initial Ra-226 on Resin Zeroed 0 0 . . 
(Brine Strength-12.5)*(lnitial Ra-226 on Resin-16.25) -0.094762 0.031135 -3.04 0.0931 





Brine Contact Time 
Resin*Brine Contact Time 
Brine Strength*Brine Contact Time 
Exposure Time 
Resin*Exposure Time 
Brine Strength*Exposure Time 
Initial Ra-226 on Resin 
Brine Strength'lnitial Ra-226 on Resin 
Sum of 
Nparm DF Squares F Ratio Prob > F 
0 0.00000 

















0.74438 9.2634 0.0931 
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Sorted Parameter Estimates 
Term 
Brine Strength 
Brine Contact Time 
Resin[Resintech] 
(Brine Strength-12.5)*(lnitial Ra-226 on Resin-16.25) 
(Brine Strength-12.5)*(Brine Contact Time-0.5625) 
pH 
Resin[Resintech]*(Brine Contact Time-0.5625) 
Exposure Time 
Resin[Resintechf (Exposure Time-14) 
(Brine Strength-12.5)*(Exposure Time-14) 












Estimate Std Error t Ratio 
-0.563333 0.013363 -42.16 
-4.12S571 0.371154 -11.12 
-1.144643 0.116756 -9.80 
-0.094762 0.031135 -3.04 
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*-co CN en h-
• q i f i CD CO ^~ 
18.25 
Initial Ra-
226 on Resin 
• LD CD LT) 
Desirability 
Scaled 
Nominal factors expanded to all levels 






Resin[Rohrn & Haas] 1.1446429 
Brine Strength -4.225 
pH 0 
Brine Contact Time -1.548214 
Resin[Resintech]*(Brine Contact Time-0.5625) 0 
Resin[Rohm & Haas]*(Brine Contact Time-0.5625) 0 
(Brine Strength-12.5)*(Brine Contact Time-0.5625) -0.048214 
Exposure Time 0 
Resin[Resintechf (Exposure Time-14) 0 
Resin[Rohm & Haas]*(Exposure Time-14) 0 
(Brine Strength-12.5)*(Exposure Time-14) 0 
Initial Ra-226 on Resin " ' ' 0 





































































































































































































































































































































































































































































































COLUMN EXHAUSTION STUDY (I) 
PHOTO SUMMARY 
OLD LAWRENCE ROAD 
PELHAM, NH 
COLUMN EXHAUSTION SETUP & PERISTALTIC PUMP 
93 
S«':r 
INTIAL RAW WATER SAMPLES 
(FOR RADIUM-226 PRESENCE) 
WIRE TIE SOLUTION 
(THE SOLUTION TO LEAKY CONNECTIONS) 
94 
RADIUM-226 SAMPLING EVENT 
V. 




COLUMN EXHAUSTION STUDY COMPLETE 
(NOTICE THE IRON PRECIPITANT FORMED ON TOP OF ION EXCHAGE RESIN) 
IK 
SAMPLING IRON PRECIPITANT FOR ANALSYS USING PIPET 
AT UNH RADIATION LABORATORY 
96 
IwSIPP^^WPwiraP^^^i^ 
REMOVING EXCESS WATER FROM THE COLUMN 
97 
ass 
v; J '•J 
TRANSFERRING DIRTY ION EXCHANGE RESIN 
FROM COLUMN INTO SAMPLE HOLDING CONTAINER 
mt 
RESIN, EXCESS WATER, AND IRON PRECIPITANT SAMPLES 
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APPENDIX D 
BATCH REGENERATION OPTIMIZATION STDUIES (II) 
PHOTO SUMMARY 
UNIVERSITY OF NEW HAMPSHIRE 
RADIATION LABORATORY 
GREGG HALL 
I ^ * ,VW*T l**** , , , - | i i , '**«* i - 1 
ssaaar-










* * & • & , * , ? H 
S* 
REQUIRED SALT AMOUNT ADDED TO 3 LITERS OF RO WATER 
100 
2 * * « 5*WF r - -
^^^^^mm*-^ 
H. 
MIX FOR 3 HOURS OR UNTIL SALT IS NO LONGER VISIBLE 
101 
DIVIDE SAMPLES INTO RESPECTIVE CONTAINERS 
PH METER, STANDARDS, AND DISTILLED RINSE WATER 
102 
TST • g * 
PREPARE BASE DILUTIONS AND ADJUST BRINE SOLUTION PH 




METALS BRINE SAMPLE 
(BEFORE CLEANING) 
RESIN SAMPLE WEIGHED OUT 
(BEFORE CLEANING) 
104 
•HHM® H l MM "IWHo WBSBlll8S3 
» * 
l^ jl^ T 
H ^ S l 
m^^^^HKH 
nfr^"' 
n /an-s* ;J£ ••#< -*\ z&9* .. 
RESIN SAMPLES 
(BEFORE CLEANING) 
BRINE SOLUTION ADDED TO BEAKER 
105 
m 
# ^ F V: 
*^ §^  
RESIN ADDED TO BRINE SOLUTION IN BEAKERS 
BEAKERS MIXED ON SHAKER TABLE 
106 
KB* . •,.. '.'J < / . . » . v ^ -a "%• v-vjft-, • ^ . fi*3 
i i» • 1 
^ 
• a t a mm 
* * i » J 








RESIN AND BRINE FILTERED THROUGH BUCHNER FUNNEL 
FILTER REMOVED FROM BUCHNER FUNNEL 
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RADIUM-226 RESIN SAMPLE AND FILTER 
(AFTER CLEANING) 









METALS RESIN SAMPLE 
(AFTER CLEANING) 
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COLUMN REGENERATION STUDY (III) 
PHOTO SUMMARY 
UNIVERSITY OF NEW HAMPSHIRE 
RADIATION LABORATORY 
GREGG HALL 
COLUMN AND PUMP SETUP 
112 
m: 
RESIN WEIGHED AND SAMPLE ADDED TO COLUMN 
COLUMN SETUP STARTED 
113 
BilliBll 
• • • • I 

















' ' • "» J! 
, .V;" V ^ 
FIRST SAMPLE EVENT 
116 
~~~***mmg?~ 




SECOND SAMPLE EVENT 
117 
THIRD SAMPLE EVENT 






RESIN SAMPLE FOR METALS 
119 
APPENDIX D 
FIELD VERIFICATION STUDY (IV) 
PHOTO SUMMARY 




.1 4& if „ 1 y * 
« . *VM*i*i 
yggpr 
WINDHAM BRINE SAMPLES 
(BRINE CLEAN - BRINE DIRTY - BRINE DIRTY FROM HOLDING TANK) 
WINDHAM RESIN SAMPLES 




• • • I 
-••» .
,?./vrs*SJ 
*>.•*": ".-J"' * • * "i J T . -:**• '•-•.". "ii V'-i:-^.«£'*•-». 
- - - > ' - ' ^ j - V srfdlSP 
PELHAM BRINE SAMPLES 
(BRINE CLEAN - BRINE DIRTY) 
PELHAM RESIN SAMPLES 
(RESIN CLEAN - RESIN DIRTY) 
121 
WINDHAM RESIN DIRTY 
PELHAM RESIN DIRTY 
(NOTICE PRESCENCE OF IRON) 
122 
WINDHAM RESIN DIRTY - WINDHAM RESIN CLEANED 
IfetHtftK 




3 r - -
PeiMt«K 
WINDHAM & PELHAM RESINS 
124 
D T M V 4 ^ * 1 ^ 
i 




«J*U*|«Jr* 4 ^ turf* 
WEIGH OUT 18 GRAMS OF RESIN 
126 
ADD 18 GRAMS OF RESIN TO COLUMN 
127 
RESIN IS DIFFICULT TO CONSOLIDATE 
128 
USE DISTILLED WATER TO FLOW RESIN 
129 
COLUMNS 1-4 (WINDHAM RESIN) 
COLUMNS 5-8 (PELHAM RESIN) 
130 
ml 
PELHAM RESIN & WINDHAM RESIN 
(NOTICE THE DISCOLORATION DUE TO PRESENCE OF IRON) 
131 
AIR BUBBLES PROBLEMATIC 
(USUALLY AIR-FREE WITHIN 5 MINUTES) 
COLUMN 1 OFFLINE AFTER 15 MINUTES 
132 
h< I r SStSSITW • if - ' *• T V ' M • M l -V 
• r * » i i sN 
B8wB .-, * t in • M Wr jn 
3 A l l 
J' 
^ F y 
COLUMN 2 OFFLINE AFTER 30 MINUTES 




? * & 
COLUMNS 5-8 (PELHAM RESIN) 
A 
IRON FLOCCULENT RISES TO TOP OF COLUMN (TYP.) 
134 
COLUMN 6 OFFLINE AFTER 30 MINUTES 
COLUMN 7 OFFLINE AFTER 1 HOUR 
135 
in 
CLEANED RESIN - PELHAM (TOP) AND WINDHAM (BOTTOM) 
/.(faM* 










J 1 > . 
V" - - , 
F1 r , * 
r 
' f l * 1 * ; ^ , ! 
* ; ' " / * * *• 
j 1 ^ 
PffoPrV"' 
' ? 
ill S K ? ^ J 3 H H 
SK'ar-^'» 
' t 9E 
^£??3 | 
7 &££a9 
BRINE SAMPLES COLUMN 1-7 
(NOTICE DISCOLORATION DUE TO IRON RELEASE IN PELHAM SAMPLES) 
136 
SAMPLE REMOVED FROM COLUMN 
4~fi$*1fr^ 
W';mmfr:'a •' 
SAMLE IS MIXED 
137 
2 GRAMS OF HOMOGENEOUS SAMPLE FOR METALS ANALYSIS 
138 
m 
''^S f^ ff%X'~ :i" 
wm 
•H 
REMAINDER OF SAMPLE FOR RADIUM-226 ANALYSIS 
139 
1111111 




BRINE SAMPLE SHAKEN AND 14 ml FOR METALS ANALYSIS 
REMAINDER OF BRINE SAMPLE FOR RADIUM-226 ANALYSIS 
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APPENDIX D 
FIELD VERIFICATION STUDY (IV) 
PHOTO SUMMARY 
APARTMENT COMPLEX 




/ sn=a \ 
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V / 
L_ 
TREATMENT BUILDING LAYOUT 
141 
fi 














PRESSURIZED STEEL TANK 
REGENERATE SALT, REGENERATE TANK, & ION EXCHAGE UNIT 
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j £ * ••• 





TREATMENT BUILDING ACCESS ROAD (WINTER 2006) 
TREATMENT BUILDING (WINTER 2006) 
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APPENDIX D 
FIELD VERIFICATION STUDY (IV) 
PHOTO SUMMARY 




*.n) (mm) / 
TREATMENT BUILDING LAYOUT 
146 
TREATMENT BUILDING - WINDHAM, NH 
PRE-CATION EXCHANGE TREATMENT UNITS 
(RIGHT TO LEFT - AGING TANK, GREENSAND, GREENSAND) 
147 
CATION-EXCHANGE TREATMENT UNITS & SALT CROCK 
REMOVAL OF TOP OF CATION EXCHANGE UNIT 
148 
$ & 
m i ?&• 






•s i l l H B 
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CAMERA, MICROSCOPE SETUP, AND PHOTO SUMMARY 
PHOTO SUMMARY 
UNIVERSITY OF NEW HAMPSHIRE 
GREGG HALL 
CAMERA AND MICROSCOPE 
151 
NEW RESIN UNDER MICROSCOPE 
EXHAUSTED RESIN UNDER MICROSCOPE 
(NOTICE THE DISCOLORATION DUE TO THE PRESCENCE OF IRON) 
152 
